Bromoarene carbaldehydes and bromoheteroarene carbaldehydes underwent a one-pot Suzuki cross coupling and Wittig olefination in aqueous medium to give compounds with extended π-systems.
Introduction
One-pot, multicomponent reactions are of interest as they often lead to reduction of solvent and necessitate less time for work-up than the corresponding consecutive reaction sequence. Recently, we have shown examples of such multicomponent reactions in form of one-pot Wittig olefinations combined with metal catalysed cross-coupling reactions [1] . Thus far, these reactions have been carried out in organic solvents such as THF, dioxane or DME or in biphasic media [1] . In the following, a protocol for a combined Suzuki-Miyaura coupling -Wittig olefination procedure in purely aqueous medium is forwarded.
Stabilized and semi-stabilized Wittig reagents react only very slowly with water, even at elevated temperatures [2] . Therefore, it is possible to carry out Wittig olefinations with these phosphoranes in aqueous [3] or in biphasic medium [4] . In fact we and other authors have shown that water is an effective medium for the reaction of such phosphoranes, especially with carbaldehydes. This may be due to the high relative concentrations of carbonyl component and phosphorane in organic droplets formed by the two components within the aqueous medium. Nevertheless, due to the generally low reactivity of carbonylmethylidenephosphoranes such as 3a and 3c, these more stabilized phosphoranes undergo Wittig olefination only with very reactive ketones [5] , even under these conditions. Suzuki cross coupling reactions have been reported to occur in aqueous medium [6, 7] , although the bulk 0932-0776 / 05 / 1200-1299 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com of such transformations has been carried out in various organic solvents [8] , where usually the presence of at least a small amount of water [8] is needed, or in a biphasic medium. A number of different palladium catalysts have been forwarded for the Suzuki cross coupling reactions in water, where in certain cases also additives have been used as mass transfer promoters [9] .
While both Wittig olefination and Suzuki cross coupling are known to proceed in water, the combination of Wittig olefination and Suzuki cross coupling reaction in an aqueous medium has not yet been studied. Here, the authors report on the scope and limitations of a one-pot protocol in water. A number of commercially available palladium compounds were screened as catalysts for this transformation.
Results
Initially, bromoarene (or heteroarene) carbaldehydes were reacted with a number of areneboronic acids and stabilized and semi-stabilized phosphoranes/phosphonium salts, utilizing bis(triphenylphosphanyl)palladium(II) dichloride [10] as catalyst precursor in an aqueous Na 2 CO 3 solution. Additional triphenylphosphane (2 equiv. for every equiv. of catalyst) was added. As phosphoranes, stabilized acylsubstituted 3a and 3c were used as well as (alkoxycarbonyl)methylidene(triphenyl)phosphoranes 3b and 3e. Semi-stabilized benzylidene(triphenyl)phosphorane was used in form of its phosphonium bromide. The reactions with p-bromobenzaldehyde (2a) and 5- bromothien-2-yl carbaldehyde (2b) gave the desired products, where alkoxycarbonyl substituted 3b and acetyl substituted 3a gave similarly good yields and the yields with phenacyl substituted 3c were slightly lower (Table 1) . In all cases, the keto-carbonyl substituted phosphoranes 3a and 3c gave only E-alkenes, while alkoxycarbonyl substituted 3b and 3d usually gave E/Z-isomeric mixtures in varying proportions. When bromofuran carbaldehyde (2b) was used as a building block, more Z-isomer (Z Z Z-4g, 11%) was formed than with p-substituted benzaldehydes, probably due to the directing effect of the furan oxygen. The semistabilized benzylidene(triphenyl)phosphorane, gained from 5b, shows little stereoselectivity (E E E-4o:Z Z Z-4o = 56:44) as would be expected under the conditions used. However, E E E-and Z Z Z-4o can be separated by simple column chromatography on silica gel (hexane).
o-Formylarylhalides are known to give poorer yields in reactions such as these. In the case of 2-bromobenzaldehyde (2c), the desired product 4n formed only in 49% yield. Here, interestingly only E E E-4n was isolated, although it is known that 2c gives appreciable amounts of Z-product (in CHCl 3 : quant. yield, E : Z = 9 : 1), when subjected solely to the Wittig reaction.
In two instances the one-pot transformation failed to proceed (Table 2) . Thus, 1-bromo-2-formyl-3,4-dihydronaphthalene (2d) undergoes no Suzuki coupling under these conditions, and only the Wittig product 6b can be isolated. In this case, some of the naphthaleneboronic acid 1e is hydrolysed, but also binaphthyl is formed as the homo-coupling product. Compound 6b, however, undergoes Suzuki coupling with naphthalene-2-boronic acid (1e) in a biphasic system of DME and aq. Na 2 CO 3 . Also, the reaction of p-bromobenzaldehyde (2a) with benzothiophene-2-boronic acid 1f and phosphorane 3d [1a] did not give the desired product. Here, again only the Wittig product forms, which can be filtered off from the ether extract of the reaction mixture. In all the cases discussed, the Wittig olefination is the faster reaction. That the Suzuki reaction proceeds generally with benzothiophene-2-boronic acid (1f) can be seen in the fact, that when 2a is used in a slight excess over phosphorane 3d, the Suzuki coupling product of 2a and 1f, 2-(4-formylphenyl)benzothiophene, can be isolated. Wittig product 7b is very sparingly soluble in aqueous medium and most organic solvents, and it has a high melting point, making it difficult for the Suzuki cross-coupling to proceed. Again, a biphasic Suzuki reaction of 7b in DME / aq. Na 2 CO 3 gives 7a, albeit after a prolonged reaction time (18 h, 65 • C). Also, 7a is sparingly soluble in many organic solvents and can be filtered off from the ether extract of the reaction mixture.
A number of different palladium catalysts (2 mol% Pd vs. the halide) were screened for this one-pot Wittig olefination -Suzuki cross coupling protocol in aqueous medium. Of these, the aforementioned Pd(PPh 3 ) 2 Cl 2 and Pd(acac) 2 gave the best results. Slightly lower yields were found for Pd(OAc) 2 . The exchange of phosphorane to phosphonium salt did not change yield or E/Z selectivity of the reaction appreciably, when Pd(PPh 3 )Cl 2 /PPh 3 was used as catalyst (Table 3) . A fair yield (E E E-4p-Et, 63%) was found with Pd(OH) 2 (Pearlman's catalyst), a catalytic system not often used in metal catalysed cross-coupling reactions. PdCl 2 and Pd/C showed lower and more variable yields. It must be noted that the Pd/C used was from a commercial source [11] , where the reactivity of different commercially available Pd/Cs may vary in their catalytic activity.
In conclusion, the authors have shown a novel one pot Wittig-olefination / Suzuki cross coupling protocol in aqueous medium. Phosphoranes suitable for the reaction must either be stabilized or semi-stabilized. Best results were found for haloarene carbaldehyde (halohetarene carbaldehyde) that are either liquid or have a low melting point. Melting point or hydrophobicity of the boronic acid and/or phosphorane do not play a large role for the outcome of the reaction. Important is a relative good solubility of the initial Wittig product in either organic or aqueous media, as due to the different kinetics of Wittig reaction and Suzuki cross coupling reaction for the most part the Wittig olefination preceeds the Suzuki cross-coupling. Pd(PPh 3 ) 2 Cl 2 /PPh 3 and Pd(acac) 2 as catalysts give good results, but the reaction also proceeds with a number of other Pd catalysts.
Experimental Section
General: Boronic acids 1a -h and aldehydes 2a -c were purchased from Aldrich. Phosphoranes 3b, 3e [12] , 3a, 3c [13] , 3d [1a] , and the phosphonium salts 5a [13] , 5b [14] and 5c [12] were synthesized according to literature procedures. 1-Bromo-2-formyl-3,4-dihydronaphthalene (2d) was synthesized from α-tetralone (Aldrich) by ArnoldVilsmeier reaction [15] . The palladium catalysts were obtained commercially: Pd/C (Kishida), PdCl 2 (Wako), Pd(PPh 3 ) 2 Cl 2 (Aldrich), Pd(OAc) 2 (Kishida), Pd(OH) 2 (Aldrich), Pd(acac) 2 (Aldrich).
Melting points were measured on a Yanaco microscopic hotstage and are uncorrected. IR spectra were measured with JASCO IR-700 and Nippon Denshi JIR-AQ2OM machines. 1 H and 13 C NMR spectra were recorded with a JEOL EX-270 ( 1 H at 270 MHz and 13 C at 67.8 MHz) and JEOL Lambda 400 spectrometer ( 1 H at 395 MHz and 13 C at 99.45 MHz). In some cases, the assignment of the carbon signals was aided by DEPT (distortionless enhancement by polarisation transfer) measurements, where (+) denotes either primary or tertiary carbons, (−) secondary carbons and (C quat ) quaternary carbons. The chemical shifts are relative to TMS (solvent CDCl 3 , unless otherwise noted). Mass spectra were measured with a JMS-01-SG-2 spectrometer [electron impact mode (EI), 70 eV or fast atom bombardment (FAB)]. Column chromatography was carried out on Wakogel 300. All reactions were run under an inert atmosphere.
General procedure 4-[5'-(4"-Phenoxyphenyl)furan-2'-yl]but-3-en-2-one (4m):
A deaerated mixture of 5-bromofuran-2-yl carbalde-hyde (2b) (350 mg, 2.0 mmol), acetylmethylidenetriphenylphosphorane (3a) (1.2 g, 3.7 mmol), 4-phenoxybenzene boronic acid (1c) (760 mg, 3.5 mmol), Pd(PPh 3 ) 2 Cl 2 (28 mg, 4 · 10 −2 mmol), and triphenylphosphane (21 mg, 8 · 10 −2 mmol) in aq. Na 2 CO 3 (1.4 M, 15 ml) was held at 65 • C for 9 h. Thereafter, the reaction mixture was cooled and extracted with chloroform (3 × 15 ml). The organic phase was dried over anhydrous MgSO 4 and concentrated in vacuo. The residue was subjected to column chromatography on silica gel (hexane/ether/CHCl 3 
